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An experimental study on electro-spraying and catalytic combustion of ethanol at meso-scale is carried out. The electro-spraying process of ethanol is visualized and four typical spraying modes are identified. Based on droplet size measurements by a Phase Doppler Anemometer, the spraying at the cone-jet or multi-jet mode is suitable for meso-scale combustion. Two meso-combustors without and with the platinum catalyst, denoted as combustor A and combustor B, respectively, are designed to conduct the comparative experiments. The flame temperature at the cone-jet mode is higher than those at other modes when equivalence ratio φ=1.0, and for the combustor with catalyst, fuel-lean conditions are favorable for stable combustion. It is also found that the carbon monoxide mole fraction in the exhaust decreases by at least 25% due to the catalytic effect. At the cone-jet electro-spraying mode, the combustion efficiencies of ethanol reach the highest value for both combustor A and combustor B due to smaller droplet size and more uniform droplet size distribution. Under the same conditions, combustion efficiency of ethanol can be improved by 4.5% for combustor B, which proves that the platinum catalyst can accelerate the decomposition of ethanol.





The development of Micro-Electro-Mechanical Systems (MEMS) technology has spurred interest in research and development of micro power generation devices and systems []. Compared to power systems using conventional electrochemical batteries, micro power generation apparatuses utilizing combustion energy are considered to be promising in practical systems of relatively small size such as MEMS due to the much higher energy densities involved in liquid hydrocarbon fuels []. Hence, in the last two decades, micro- and meso-scale combustion as a component of micro-power generator has been investigated intensively as innovative energy conversion systems  ADDIN EN.CITE []. A micro-combustor with stable flame is an important component in a micro-power generator []. However, it is difficult to keep the flame stable inside the micro-combustor, due to the limitations imposed by inadequate residence time and high heat loss rate associated with the increase in surface to volume ratio, which leads to thermal quenching. Many studies have been conducted on improving the performance and stability of the meso-scale combustors. Several methods have been used, including changing the internal structure of the burner to enhance mixing of fuel and air and prolong the residence time  ADDIN EN.CITE [], enhancing the thermal management to reduce heat loss and preheat reactant [] and implementing catalytic combustion to reduce the reaction activation energy  ADDIN EN.CITE [, ]. Most of the existing studies mainly focused on gaseous fuels, while researches on stable combustion of liquid fuels in the micro-combustor are still scarce.
It is desirable to develop a micro-combustor with liquid hydrocarbon fuel, which has relatively high energy density, about two orders higher than that of a lithium ion battery  ADDIN EN.CITE [, ]. Different from gaseous fuels, fine evaporation is a prerequisite for liquid fuel combustion. Porous media and film combustion  ADDIN EN.CITE [, ] were used to increase surface area and prolong residence time. Several studies have been conducted on micro-combustors with liquid hydrocarbon fuels  ADDIN EN.CITE []. Sirignano et al. [] presented a miniature liquid film combustor with a stable flame inside or outside of the glass tube which was 10 mm in inner diameter and 40 mm in length. Sadasivuni and Agrawal [] developed a meso-scale combustion system of 30 mm in length and 17 mm in diameter with kerosene fuel injected with a flow-blurring injector. Inside the micro- or meso-combustor, the liquid fuel should evaporate rapidly to generate the fuel vapor, mix with the oxidizer, and burn quickly to establish a stable flame. The electrospray technique enables us to generate a quasi-monodispersed fine spray [, ]. Deng et al. [] developed a micro-combustor of less than 10 mm with microfabricated multiplex electrospray sources and a catalyst, which is more expensive than structural materials, such as stainless steel or quartz glass. Gan et al. [] developed a meso-scale combustor using electrospray technique for liquid fuel combustion, where liquid fuel dispersed into droplets thus the evaporation rate increased greatly, and the electrospray characteristics were studied.
Despite of the good performance of the electrospray combustor, there are still potentials for improvement in combustion efficiency and the reduction of the carbon monoxide (CO) emission. Investigations have been performed to reveal the effects of combustor fabrications, operating conditions and catalyst or type of support on combustion characteristics  ADDIN EN.CITE []. Catalysis is an effective way to enhance combustion. The catalytic combustion of liquid fuel with electrospray atomization has not been broadly investigated and only a few studies were conducted focusing on the fuel of JP-8  ADDIN EN.CITE [, ]. For energy conversion involving ethanol, most reports have been focused on the integrated reforming process. The combustion of ethanol in catalytic combustors has not been investigated. Being renewable and environmental-friendly, ethanol especially bio-ethanol is playing a more important role in alternative fuels than ever before and its application in MEMS power system is very attractive. Combined with the advantages of electrospray technique, the combustion performance of ethanol in catalytic combustors is expected to be improved greatly. However, there is still a lack of information on the catalytic combustion characteristics of ethanol with electrospray technique.
Thus, the main objective of the present work is to experimentally investigate the electrospray and catalytic combustion characteristics of ethanol. The atomization performance of the electrospray in different modes is firstly examined by Phase Doppler Anemometer (PDA) analysis, and the appropriate conditions (such as the flow rate of the fuel and the voltage applied) for combustion are determined. Then, two meso-combustors with and without the platinum (Pt) catalyst, respectively, are designed to conducted the comparative experiments. The flame temperature, CO emissions and combustion efficiency of the two combustors are subsequently discussed. 
2. Experimental system
Fig. 1(a) shows a schematic of the catalytic combustor used in the present study. It consists of three quartz glass tubes with an inner diameter of 12 mm and an outer diameter of 16 mm. Total length of the combustor is 80 mm. A stainless-steel capillary is used as a nozzle, and a stainless-steel ring with thickness of 5 mm is used as a ring electrode. The distance from the nozzle outlet to the ring is 1.1 mm. Positive voltage on the nozzle (Vc) and the ring electrode (Vr) are supplied by two DC power sources respectively. A steel mesh is placed at 16 mm downstream from the nozzle outlet and set as a ground electrode to collect the charged droplets. A catalytic Pt mesh is installed on the right-hand side of the steel mesh and the two meshes are pasted tightly, and the Pt mesh is used as a flame holder. The Pt catalyst is chosen due to its high temperature resistance and high combustion activity. The Pt mesh (Danjie Company, Shanghai, China) has a diameter of 16 mm and a thickness of 0.1 mm, and the hole density on the mesh is 80 /cm2. The Pt mesh inside the tube (with the diameter of 12 mm) is exposed in the combustion area. Another combustor without the catalytic Pt mesh is also designed for the comparative experiments. Their configurations are the same except for the Pt mesh. In the present study, the combustor without and with Pt mesh are denoted as combustor A and combustor B, respectively. For the two combustors, electric spark ignition is used during the experimental process. A stable flame is observed near the steel mesh or the Pt mesh. The measuring point of the exhaust gas is in the middle of the combustor outlet.

Fig. 1 Schematic of (a) the electro-spray combustor and (b) the experiment set-up
Fig. 1(b) shows a schematic of the experimental set-up. The fuel is supplied into the combustor by a syringe pump (KDS100, KD SCIENTIFIC, USA). The nozzle and the ring electrode are connected to the positive electrode of two DC power sources (71030P, GENVOLT, UK) respectively. The mesh is connected to the ground electrode of a DC power source. The air flow is controlled by a mass flow rate controller (Brooks, 5850E, USA). The flame temperature is measured by a S-thermocouple. The data is transferred to the computer by a data (​javascript:void(0);​) acquisition (​javascript:void(0);​) instrument (​javascript:void(0);​) (Agilent 34970A, USA). The components of the exhaust gas are analyzed by a gas (​javascript:void(0);​) chromatograph (​javascript:void(0);​) (Kexiao GC1690, China). The thermal conductivity detector (TCD) is used with hydrogen as the carrier gas, and the pressure of the carrier gas is set to be 0.1 MPa to control the retention time of the combustion products accurately. All spray and flame images are taken by a Digital Single Lens Reflex (Canon EOS 5D Mark III, Japan) and the camera settings of the imaging technique are listed in Table 1. The uncertainties of the flow rate, the flame temperature, and the voltage are less than 1%, 0.7% and 1% respectively. In flame temperature calculations, the radiation heat loss has been taken into account. All the experimental uncertainties are shown in Table 2.
Table 1 Camera properties
Optical arrangement	Spray test	Combustion test
Camera	Canon EOS 5D Mark III	Canon EOS 5D Mark III
Frame rate	6 fps	6 fps
Exposure time	2.5 ms	5 ms
Resolution	5760×3840	5760×3840

The droplet size is measured by a PDA (Particle Dynamics Analysis, Dantec, Denmark) with uncertainty of ± 0.5 μm. Fig. 2 shows the distribution of measurement points during the PDA measurement process. 17 measurement points are set on the same plane which is perpendicular to the axis of the combustor. The sample number at every measuring point is set to be 2000 and sampling time is 10 seconds which enable estimation of droplet size statistics with confidence. Sauter (​javascript:void(0);​) Mean (​javascript:void(0);​) Diameter (​javascript:void(0);​) (D32) is used as droplet size calculation in the present study.





Table 2 Experimental uncertainties
Variables	Uncertainty
Flow rate of ethanol, qv	±0.02 ml/min
Flow rate of air, qa	±0.5 ml/min
Temperature, T	7.1 K-9.8 K (when T=1000 K-1400 K)
Voltage, V	±1 V
Droplet size, D32	±0.5 μm
Combustion efficiency, η	±1.4%
3. Results and discussion
3.1 Electro-spraying characteristics
3.1.1 Electro-spraying modes
When fine liquid droplets are formed, evaporation rate of the fuel will increase and the combustion performance will be enhanced. There are different electro-spraying modes of ethanol in the combustor with combined electric field. Based on our previous work [], a stable and uniform spraying mode can not only enhance the performance of spraying, but also increase the combustion efficiency. Fig. 3 shows four different spraying modes observed under the conditions of voltage on the ring electrode Vr=1.0 kV and ethanol flow rate qv=2.8 ml/h. As the voltage on the nozzle Vc increases, the pulsed-jet mode (Fig. 3(a)), cone-jet mode (Fig. 3(b)), skewed-jet mode (Fig. 3(c)) and multi-jet mode (Fig. 3(d)) are observed sequentially in the present experimental process. When Vc=4.5 kV, the spraying is at the pulsed-jet mode. The charge on the liquid is not enough for disintegration; therefore, a period of time for charging is needed. Under this voltage, the spraying is periodically unsteady, leading to poor performance of the spray for stable combustion. When Vc=4.8 kV, the cone-jet mode is observed. The spraying is uniform and stable. The skewed cone-jet mode appears when Vc=5.2 kV, with spraying angle starting to diverge. The spraying is observed to be periodic and unstable again, indicating the deterioration of the spraying. When Vc=5.6 kV, a strong electric field breaks the Taylor cone, the single spraying jet is divided into multi jets, and the multi jets are further divided with the increase of Vc. The performance of the spraying is enhanced and the spraying is stable. As the ethanol flow qv increases, the operating ranges of the spraying mode will change. Fig. 4 shows the operating ranges of spraying varying with the flow rate of ethanol at Vr=1.0 kV. The wavy profiles are associated with the dynamics of the meniscus formed on the capillary outlet and the Taylor cone. It can be seen that when qv is larger than 2.8 ml/h, the ranges of the cone-jet and skewed cone-jet modes decrease, which makes it difficult to distinguish the two spraying modes. Furthermore, it is found that when qv is smaller than 2.8 ml/h, a stable flame in the combustor cannot be maintained due to the heat loss and low heat release. Thus, in the following combustion experiments, the flow rate of ethanol is set to be 2.8 ml/h.

Fig. 3 Four electro-spraying modes of ethanol (Vr=1.0kV, qv=2.8ml/h)

Fig. 4 Electro-spraying mode distribution at different flow rates of ethanol (Vr=1.0 kV)
3.1.2 Distributions of droplet size and spray angle
The Rosin-Rammler model [] for predicting the droplet size is one of the most widely used correlations for electro-spraying, it can be expressed as
		(1)
where di is the measured diameter of droplet. R is the integral distribution of droplets, which stands for the mass fraction of the droplets which are smaller than di, d50 is the medium diameter of droplet, and n is evenness index of droplets. When n increases, the evenness of droplets will increase. It could be expressed as
		(2)
The distributions of droplet diameter of ethanol at four different modes are shown in Fig. 5. Under the condition of Vr=1.0 kV, qv=2.8 ml/h, the range of the droplet size is 9.33-17.81 μm for the pulsed-jet mode, 8.42-10.56 μm for the cone-jet mode, 2.75-7.81 μm for the skewed-jet mode and 2.53-5.67 μm for the multi-jet mode. Smaller droplets bring out larger evaporation areas at a constant flow rate qv. For droplet combustion, the evaporation rate generally increases with increasing evaporation area. Therefore, the multi-jet mode may be the best mode for combustion due to the distribution of the droplet sizes. In the meantime, the uniformity of the droplets is another important criterion to evaluate the quality of the spraying []. The uniformities of the droplets at each mode can be calculated by Eq. (2), and the results are shown in Table 3, where di,max is the maximum value of di at each mode. It can be seen that the spraying of ethanol at the cone-jet mode is the most uniform. The droplet size at the multi-jet mode is the smallest. The ethanol vapor and air need to be premixed before the combustion. A stable and uniform spraying can enhance the fuel/air mixing, which will lead to a stable flame and a uniform temperature field. Accordingly, combustion at the cone-jet mode and multi-jet mode may be more stable and more efficient than that at other modes.

Fig. 5 Droplet size distributions at different modes (Vr=1.0kV, qv=2.8ml/h)
However, the influence of spray angle on the combustion performance in the combustor cannot be neglected considering the wet-wall phenomenon. Based on the geometry of the combustor, the critical spray angle of wet-wall is calculated as 41.2°. The spray angles at different spraying modes are calculated in the post-processing based on spray images using the method by Malkawi et al. []. For pulsed-jet, cone-jet and skewed cone-jet spraying modes, the spray angles are 40.5°, 43.7°, and 42.5°, respectively, which are very close to the critical spraying angle of wet-wall. Considering the evaporation effects from hot wall on the droplets, it can be considered that at those modes, the spray will not cause the phenomenon of wet-wall. However, for multi-jet spraying mode, the spray angle is 89.8°, which is much wider than the critical spray angle of wet-wall. At this spraying mode, a majority of the droplets will spray directly onto the inner wall of the combustor before they can evaporate completely, which will cause incomplete combustion. Thus, considering both distributions of droplet size and spray angle, spraying at the cone-jet is preferable for the combustion process.







3.2 Combustion of ethanol in the two combustors
3.2.1 Flame images and temperatures
Fig. 6 shows the flame images under the condition of voltage on the ring Vr=1.0kV, voltage on the nozzle Vc=4.8kV, equivalence ratio φ=1.0. It can be seen that the flame is stable and in a pale blue color in Fig. 6(a), and combustion occurs very close to the mesh (combustor A). The combustion occurred in the combustor B can be seen in Fig. 6(b). 


Fig. 6 Flame images for the two combustors (qv=2.8ml/h, Vc=4.8kV, Vr=1.0kV, φ=1.0)
Fig. 7 shows the flame temperature T varying with equivalence ratios φ at different spraying modes. The equivalence ratio (φ) is defined as the ratio of the actual fuel/air ratio to the stoichiometric fuel/air ratio. In the present study, the equivalence ratio is controlled by changing the flow rate of air, since the flow rate of ethanol is constant. It can be seen that as φ increases, for both combustors, T increases initially and then decreases, peaking at φ=1.0. When φ<1.0, flame temperature T increases with increasing φ. Air rich combustion results in large heat loss. When φ increases, the air supplied to the combustor decreases, the heat which is required to preheat the air and taken away by the exhaust gas decreases. Thus, the flame temperature may increase gradually. In the range of φ>1.0, T decreases when φ increases. Under the condition of φ>1.0, fuel rich combustion occurs. The air applied to the combustor cannot support the complete combustion of ethanol, which may result in lower combustion heat release of the fuel. Thus, the flame temperature decreases. The flame temperature is the highest when φ=1.0, and the flame temperature at the cone-jet mode is higher than those at other spraying modes. Additionally, the flame temperature of combustor B is higher than that of combustor A. The consumption of the fuel is mainly driven by H abstraction by radicals, such as OH and HO2. For ethanol, the existence of OH weakens the adjacent C–H bounds. The bond energy of C–H at the α-site is 95.5 kcal/mol in ethanol []. For ethanol combustion in the two combustors, the α-dehydrogenation is the most favorable at the beginning of the process and the initial decomposition steps are
		(R1)
		(R2)
The reaction energy barriers for R1 and R2 are 4.01 eV [] and 0.64 eV [], respectively. The energy barrier for the first α-dehydrogenation of catalytic combustion is far less than that of non-catalytic combustion. Thus, the reaction rate in combustor B is much greater, which results in the higher flame temperature. In addition, it is noted that for combustor A, the flame is more likely to be stable in fuel-rich conditions. While for combustor B, fuel-lean conditions are favorable for stable combustion. As the flow rate of air increases, the heat loss due to preheating the extra air plays a more important role in flame quenching. Compared to combustor B, the flame temperature in combustor A is lower, which makes it harder to maintain a stable flame.

Fig. 7 Flame temperatures at different equivalent ratios and different spraying modes for the two combustors. The hollow dots represent combustor A, and the solid dots represent combustor B (Vr=1.0 kV, qv=2.8 ml/h)
3.2.2 CO emissions





Fig. 8 CO mole fractions in the exhaust of the two combustors
(qv=2.8ml/h, Vr=1.0kV, Vc=4.8kV)
3.2.3 Combustion efficiency
The combustor performance can be evaluated by the combustion efficiency of ethanol. Combustion efficiency is calculated based on the exhaust gas analysis, defined as,
		(3)
where η is the combustion efficiency of the fuel, mf is the mass of the input fuel, and hf is the lower (​javascript:void(0);​) calorific (​javascript:void(0);​) value (​javascript:void(0);​) of the fuel. The sum term in the numerator of Eq. (3) is the total calorific (​javascript:void(0);​) value (​javascript:void(0);​) of C2H5OH and CO in the exhaust gas. The major components of the exhaust gas such as N2, CO and CO2 are measured by gas chromatograph, and the intermediates products such as acetaldehyde and methane are considered as part of the unburned ethanol in the exhaust gas. The mass fraction of unburned ethanol in the exhaust gas is calculated by the mass conservation of carbon and nitrogen.
Combustion efficiency can be used to measure the overall completeness of the combustion process. Fig. 9 shows the combustion efficiencies of combustor A at different spraying modes. It can be seen that the combustion efficiency at the cone-jet mode is higher than those at the pulsed-jet and multi-jet modes. The spraying at the pulsed-jet mode is unstable and periodic. The droplet size is bigger than those at other spraying modes, which results in incomplete evaporation and higher CO emissions of ethanol combustion. As discussed in the subsection 3.1.2, the spraying at the multi-jet mode will cause the phenomenon of wet-wall. The wet-wall phenomenon may lead to incomplete combustion and decrease the utilization rate of ethanol. Accordingly, it is preferable to keep the combustion process at the cone-jet spraying mode.
The combustion efficiency also varies with the equivalence ratio φ. In the range of φ=0.85-1.0, the combustion efficiency increases with increasing φ. The air inflow enhances heat loss and decreases flame temperature. In the range of φ=1.0-1.4, the combustion efficiency decreases with the increase of φ. The air supplied to the combustor decreases, which may lead to the incomplete combustion of ethanol and result in increasing pollutant emissions. The flame of rich fuel combustion appears oscillating, and the same phenomenon was observed in the study of Maurya et al. []. This phenomenon represents combustion instability at the range of φ=1.0-1.4. The highest value of combustion efficiency may take place at φ=1.0, where the combustion is complete and the pollutant emission is small.

Fig. 9 Combustion (​javascript:void(0);​) efficiency at different equivalence ratios and different modes for combustor A (Vr=1.0kV, qv=2.8ml/h)
The comparison of combustion efficiencies for the two combustors at the cone-jet mode is shown in Fig. 10. It can be seen that the combustion efficiency of combustor B is higher than that of combustor A in the present experimental conditions. When φ=0.92, the combustion efficiency can be improved by approximately 4.5%. According to Levenspiel [], the conversion rate increases with the arithmetic product of reaction rate and residence time. The configuration and size of combustor A and B are the same except for a Pt mesh with the thickness of 0.1 mm, which results in a minor difference of the residence time. Thus, the effect of reaction rate dominates the combustion performance. The catalyst accelerates the decomposition reaction rate of ethanol and the dehydrogenation (​javascript:void(0);​) reaction (​javascript:void(0);​) rate, which accelerates the reaction of oxethyl acetaldehyde. Comparing with combustor A, a longer oxidizing response time of CO and other decomposition products in combustor B may lead to a lower emission. Ethanol reacts more effectively with oxygen when Pt is present due to a reduction in the activation energy of adsorption. Thus, the oxidation reaction of ethanol may be more complete in a short residence time on the mesh. Comparing the combustion efficiency of the two combustors, the catalyst mesh has improved the performance of the combustor effectively.

Fig. 10 Combustion efficiencies at different equivalent ratios for the two combustors at the cone-jet mode (qv=2.8ml/h, Vr=1.0kV, Vc=4.8kV)
4. Conclusions
The atomization and catalytic combustion characteristics of ethanol based on liquid fuel electrospray technique are investigated in the present study. Two meso-combustors without and with the Pt catalyst, denoted as combustor A and combustor B, respectively, are designed to conduct the comparative experiments. Some main conclusions can be drawn as follows.
(1) Four typical spraying modes are identified and the operating ranges of each mode are obtained based on the present experimental results, which provide guidance on selecting suitable parameters for electro-spraying of ethanol. Droplet size and spray angle at different spraying modes are obtained and it is found that the spraying at the cone-jet is suitable for combustion of ethanol in meso-scale.
(2) Flame is visualized and flame temperature is measured, and it has been found that the flame temperature at the cone-jet mode is higher than other modes when equivalent ratio φ=1.0. For combustor A, the flame is more likely to be stable in fuel-rich conditions. While for combustor B, fuel-lean conditions are favorable for stable combustion.
(3) Compared to combustor A, the CO mole fraction in the exhaust of combustor B decreases by at least 25% due to the catalytic effect. At the cone-jet electro-spraying mode, the combustion efficiencies of ethanol reach the highest value both for combustor A and combustor B due to smaller droplet sizes and more uniform droplet size distributions.
(4) Under the same conditions, combustion efficiency of ethanol can be improved by 4.5% for combustor B, which proves that the catalyst plays an important role in the combustion process at meso-scale. The Pt mesh accelerates the decomposition of ethanol and enhances the performance of the meso-scale combustor.
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